The variations of the three parameters, viz. anchorage number, receptor site density and half-saturation concentration, as determined theoretically (Khalfaoui et al. 2002) and related to the adsorption energy, exhibited different behaviours when examined in terms of the adsorption of various dyes on to modified cotton. When plotted against the percentage nitrogen content of these cottons, variations in the effective receptor site density and the inverse of the adsorbed molecules anchorage number allowed the adsorption process to be described topographically in terms of the parallel or perpendicular adsorption of the dye molecule on to the adsorbent surface. The presence of ionic or van der Waals forces in such adsorption was also considered.
INTRODUCTION
Many studies have been undertaken to investigate the adsorption processes of dyes on various supports through ion-exchange means (Baouab et al. 2000; McKay et al. 1981; Papadokostaki and Petropoulos 1994) . These have allowed an understanding of the process and improved the fixation capacity for the ionic dye molecule, thereby increasing the extent of textile dyeing or the depollution of wastewater emanating from such processes.
Dyeing is usually achieved via the aqueous phase and an increase in the quantity of dye adsorbed may be obtained by incorporating some positively charged groups on the surface of the material being dyed. Thus, by reacting glycidyl trimethylammonium chloride with cellulose in a basic solution, Baouab et al. (2000) have shown that the nitrogen content of the resulting material was the most important parameter governing adsorption capacity. In our previous paper (Khalfaoui et al. 2002) , four cottons with nitrogen contents varying from 0.5% to 1.85% of the support mass referred to as cottons 1-4 were used for modelling experimental isotherms based on the Langmuir, Freundlich and Jossens' models. Of these various models, the last gave the best fit to the experimental *Author to whom all correspondence should be addressed. E-mail: abdelmottaleb.benlamine@fsm.mu.tn.
data. However, Khalfaoui et al. (2002) also applied a double-layer model to the adsorption isotherms for the four dyes and found that this was better able to describe the adsorption isotherms obtained. By means of a statistical method, these authors derived analytical expressions for the mathematical parameters used in the double-layer model and deduced various physical interpretations from the results obtained.
It was shown that steric parameters determine the average positions of the dye molecules on the adsorbent surface and whether the molecule is aligned parallel or perpendicular to this surface. The aim of the present work was to focus in greater detail on questions such as the causes of the variation observed in the different model parameters with the percentage nitrogen content of the cotton substrates investigated, why the quantity of dye adsorbed on the cotton at the saturation level increases (albeit in a non-linear fashion) with the grafted nitrogen content and why there appears to be no direct relationship between this adsorbed quantity and the charge number of the dye.
METHODOLOGY: BEHAVIOUR OF THE CALCULATED PARAMETERS
The quantity of four dyes [Acid Blue 25 (AB25), Acid Yellow 99 (AY99), Reactive Yellow 23 (RY23) and Acid Blue 74 (AB74)] adsorbed on the various cotton materials with different nitrogen content as measured experimentally were fitted using the double-layer model. The analytical expression for this model as derived by statistical physics methods (Khalfaoui et al. 2002 ) may be written as:
(c/c 1/2 ) n + 2(c/c 1/2 ) 2n N a = nN M -----------------
(1) 1 + (c/c 1/2 ) n + (c/c 1/2 ) 2n where c is the concentration of dye in the aqueous solution.
All the values of the three parameters in this equation, i.e. n, N M and c 1/2 , may be obtained by fitting procedures and have been deduced by Khalfaoui et al. (2002) for all four dyes and four cotton nitrogen contents. Figures 1-3 depict the variation of these parameters with nitrogen content and indicate that the curves obtained exhibit different trends according to the dye studied. These behaviours of the model parameters cannot be interpreted without an understanding of their physical significance which, thanks to statistical physics, may be listed as follows:
Parameter n is the number of adsorbed dye molecules per site (if n > 1) or the proportion of adsorbed molecules per site (if n < 1). On average, the molecule is perpendicular to the cotton surface in the first case and parallel in the second. N M is the site number per gram of adsorbent. c 1/2 is related to the adsorption energy.
If the double-layer model is chosen for the description of the experimental adsorption data, then a priori one would expect the surface receptor site density, N M , to increase in proportion to the grafted nitrogen content of the cotton studied. In contrast, the adsorption energy of a site molecule anchorage, e, should not depend on the nitrogen content. The various behaviours of N M , e and also of n and N asat , i.e. the quantity of dye adsorbed at equilibrium, need to be interpreted physically if the adsorption process at the molecular level is to be described. 
STERIC INTERPRETATIONS
The molecules of the two dyes AB25 and AY99 each possess a single negative charge. However, those of RY23 and AB74 possess three and two negative charges, respectively. The plots of n, N M and N asat versus the percentage nitrogen content of the cotton are related to the geometry and topography involved in the adsorption of each dye molecule on to the surface sites. Below, the variation of each of these various parameters with grafted nitrogen content will be examined in detail.
The n curves
When the nitrogen content of the cotton is in the vicinity of 1%, n is approximately equal to unity for the AY99 dye (n¢ » 1) ( Figure 1 ). In this case, the dye molecules are anchored to the surface in a unique manner (see Figure 4 ). Thus, at low nitrogen content (% N), n decreases to a value of 0.55 for this dye, the molecules being anchored parallel to the surface (Giles et al. 1960; Baouab et al. 2000) with two anchorages per molecule [Figure 4(a) ]. This arrangement probably arises because of the development of supplementary anchorages through the involvement of either van der Waals forces or hydrogen bonding between the cellulose groups and the -OH and -NH 2 groups of the dye molecule. This type of anchorage would only arise at low nitrogen densities since such a space exists between the charged sites under these circumstances that it allows the hanging extremities of the molecule to fall on to the adsorbent surface. At higher nitrogen densities, n will be greater than unity and molecules will be anchored on the same site in a configuration perpendicular to the adsorbent surface [see Figure 4 (b)] (Giles et al. 1960; Baouab et al. 2000) . When n increases from 1 to 2, the dye molecules will be anchored either as one molecule per site or two molecules per site with the respective percentages x and 1 -x determined by the value of n as demonstrated by Khalfaoui et al. (2002) . For example, at the maximum value of n (at ca. 1.5% N), 67% of the dye molecules are anchored as one molecule per site with 33% being anchored as two molecules per site [Figure 4(c) ].
This analysis allows the shape of the curve for AY99 in Figure 1 to be explained. At low nitrogen densities (0.5% N) almost all the molecules are adsorbed via two anchorages per molecule ( Figure  4 ), one involving an anionic charge and the other involving van der Waals forces or hydrogen bonding. Increasing the nitrogen density leads to the disappearance of such weak bonding. This will lead to some molecules being initially anchored only via their negative charge and such adsorption will increase at the expense of doubly-anchored molecules. Under these circumstances, the orientation of the molecules on the surface will pass from a parallel configuration to a perpendicular state. At ca. 1% N, all the molecules will be adsorbed via their negative charges since under these circumstances the spaces between sites on the surface will be insufficient to accommodate van der Waals forces or hydrogen bonding. Further increase in the nitrogen density will lead to some dye molecules being adsorbed as pairs on a given receptor site in addition to those which are still adsorbed via one anchorage. The proportion of such coupled molecules will increase with the nitrogen density up to a maximum value, the closeness of the receptor sites leading to a form of dimerization between the dye molecules that are coupled together. However, when the nitrogen density increases further, although the distance between receptor sites diminishes further, the pair of molecules adsorbed exhibit a tendency to be divided statistically between two neighbouring sites, leading to a decrease in n from the maximum value. Hence, the behaviours of the various different anchorage types are interrelated and may be explained by the steric hindrance between neighbouring molecules. Figure 1 demonstrates that the behaviour of AB25 was similar to that of AY99. However, with AB25, the value of n at the maximum was greater than that observed with AY99 suggesting that the proportion of coupled molecules observed with AB25 would be greater than for AY99. This difference may be attributed to the difference in size and shape between the two dye molecules, i.e. to differences in their compactness and flexibility (Giles et al. 1974; Wright 1978) . Dimerization between AB25 molecules would be reinforced at the maximum value of n, whilst at low nitrogen densities AB25 could be involved in three anchorages, one more than AY99.
For RY23 and AB74 dyes, the corresponding data in Figure 1 show that the n values for these dyes were always less than unity while n¢ was always greater or equal to unity. This indicates that the molecules of both dyes were always multi-anchored to the cotton surfaces. In addition, n lies between 0.814 and 0.37 for RY23 and between 0.30 and 0.805 for AB74, i.e. the anchorage number n¢ was between 1 and 3 for both molecules. The mean position adopted by both RY23 and AB74 dye molecules during adsorption would be parallel to the adsorbent surface. Such behaviour would accord with the three anionic sites associated with the RY23 molecule, but also indicates that in addition to the two anionic sites available in the AB74 molecule a further anchorage point arose from the involvement of van der Waals forces or hydrogen bonding. This is confirmed by the N M curve exhibited by this dye molecule (see Figure 2 ). The variations observed in the plots of n versus nitrogen content in Figure 1 demonstrate that RY23 and AY99 exhibited different behaviours when adsorbed on to cotton. At low nitrogen density, AB74 exhibited the same behaviour as AY99, suggesting that the adsorption of AB74 occurred initially via three anchorages: two involving ionic charges and the other van der Waals forces or hydrogen bonding. As the nitrogen content increased, all bonding via van der Waals forces or hydrogen bonds was gradually eliminated leaving only two anionic charges for anchorage purposes. At high nitrogen density, n attains values between ½ and unity indicating that some molecules transferred from a parallel position (n = ½) to a perpendicular one (n = 1) as a result of steric hindrance. However, the proportions of such molecules remained the same since n does not exceed 0.75. This indicates that AB74 molecules remained multi-anchored although some anionic bonds were partially detached at high nitrogen density. Since n does not exceed unity, no dimerization occurred.
An interesting type of behaviour was observed with RY23. In the case of this dye molecule, the coefficient n exhibited a minimum at ca. 1.5% N. Again, at low cationic site densities, the sites are widely spaced with n being equal to 0.814. As a result, 62% and 38% of the adsorbed molecules were singly-and doubly-anchored, respectively. When the cationic site density is closed to zero, n increases and tends towards unity. This behaviour exhibited by RY23 was different from that of all the other three dyes studied. When the sites are well spaced, the molecule tends to be adsorbed in a statistical manner via only one cation-anion anchorage. Hence, even at low nitrogen density, the adsorbed molecules are situated perpendicularly to the surface and hence the influence of van der Waals forces or hydrogen bonding is not important as in the case of the other dyes studied. In contrast, the value of n was fractional and less than 0.5 for AB74, indicating that n¢ was greater than 2.
Such behaviour is confirmed by the N M curves ( Figure 2 ) and energy considerations. It will be noted from Figure 1 that the value of n for RY23 diminished below 1/2 and reached a value close to 1/3 when the nitrogen density increased. This suggests that the doubly-anchored proportion of molecules increased to the detriment of the proportion of singly-anchored molecules, and that this led finally to the appearance of a triply-anchored variety. At the minimum, the nitrogen density was close to 1.5% and n = 0.37, i.e. very close to 1/3, indicating that the majority of RY23 molecules were triply-anchored although randomly distributed. Since n is a minimum at this point, it follows that n¢ is a maximum. The high coincidence between the anionic anchorage sites on the RY23 molecule and the mean spacing between the cationic receptor sites on the cotton surface ( Figure 5 ) suggest the existence of some kind of "resonance" or "fitting" in the system. At nitrogen densities greater than 1.5%, the receptor density increases so that the mean spacing between the receptor sites becomes somewhat less than the anchorage site spacing for the molecule, although this reduction does not attain a value equal to half the mean spacing value. However, under these circumstances the mean anchorage number per molecule decreases and n tends to increase once more (see Figures  1 and 5 ). The dye molecule RY23 does not undergo dimerization during adsorption on to the cotton surface. What should be noted is that one would expect n to tend towards unity when the nitrogen density is very low and when the size of the dye molecule is less than the spacing between receptor sites. Nevertheless, since the sites are randomly distributed, there will always be a proportion of receptor sites sufficiently close together to allow adsorption although the proportion may be quite low.
The N M curves
The interpretations advanced earlier (Khalfaoui et al. 2002 ) may be confirmed by the shape of the N M curves. The value of N M calculated by our model for the experimental curve allows the effective site number necessary to adsorb the quantity of dye present at saturation to be calculated. Normally, one would expect this number to increase linearly with the nitrogen density. However, the curves of N M versus % N ( Figure 2) show that not only does this parameter not increase in a linear fashion but that it can even decrease slightly with the nitrogen density. If the cationic site number, i.e. the existing receptor site number per gram of support or N M(existing) , and the effectively occupied site number N M are plotted for the four dyes studied in the same figure, it is noted that N M is less than N M(existing) at all nitrogen densities other than very low values. This means that, firstly, some cationic receptor sites remain unoccupied by dye molecules, probably because of steric hindrance. Secondly, in contrast to the behaviour of RY23, the behaviours of the other dyes studied were quite similar.
For the latter dyes, the fact that the effectively occupied site number, N M , was greater than the existing number of grafted cationic sites, N M(existing) , at low nitrogen densities provides further evidence for the existence of van der Waals or hydrogen bonding sites in addition to cationic sites under these circumstances, as suggested above. At a nitrogen density of approximately 0.6% N, the effective site numbers for AB25, AY99 and AB74 were of the same order of magnitude as the existing site number. This indicates the absence of steric hindrance at low nitrogen density when the space between two receptor sites was greater than the dimensions of the adsorbing dye molecule.
However, with RY23, a totally different situation arose. It will be seen from Figure 2 that for this dye the value of N M increased as the nitrogen density increased. This accords with the increase in the anchorage number n¢ and the fact that the RY23 molecules anchor in a parallel fashion ( Figure  5 ) until a maximum value is attained at ca. 1.5% N, corresponding to the best agreement between the adsorbent site spacing and the anchorage site spacing of the adsorbed molecule. Above 1.5% N, this agreement breaks down and the number N M then diminishes as the value of n¢ decreases. This fall in the number of molecule anchorage points at high nitrogen percentage values arises because of steric hindrance. A comparison between the effectively occupied site number N M and the existing site number N M(existing) shows that N M for RY23 was always less than N M(existing) even at low nitrogen densities. Although there are no additional sites, some of the cationic sites are unoccupied even though steric hindrance does not exist under circumstances where the receptor sites are widely spaced. What is remarkable is that at the maximum value of N M for RY23 the existing receptor site number was virtually equal to the effectively occupied site number (see Figure  2 ). Under these circumstances there can be no unoccupied sites and so it is not possible to determine the magnitude of the steric hindrance.
To do this, it is necessary to define a parameter t via the following expression:
representing the unoccupancy rate of the existing sites. Such unoccupancy arises not because of a deficiency of adsorbate molecules but because an excess of the latter are present in the system at saturation. This parameter is called the steric hindrance rate. It is equal to zero when N M(existing) is equal to N M and tends towards unity when N M is much lower than N M(existing) . When the parameter t is plotted against the nitrogen density as in Figure 6 , it will be noted that AB25, AY99 and AB74 all exhibit the same behaviour with t, i.e. increasing with the nitrogen density, remaining constant and even presenting a slight maximum at high densities in accordance with the decrease in the number of molecules anchored via the dimerization phenomenon. It should also be noted that for these molecules steric hindrance already existed from 1% N to 1.5% N, its value for AB25 being less than that for AY99 at all nitrogen densities. This confirms the fact that the size of the AB25 molecule and its mean molecular volume are less than the corresponding values for AY99 or simply that AB25 possesses a more compact molecule than AY99. With RY23, the shape of the curve for the hindrance rate, t, confirms previous interpretations. Thus, this curve presents a minimum at "resonance" in the vicinity of 1.5% N, with this minimum being equal to zero when all the existing adsorbent sites were occupied. On both sides of this hindrance minimum, this agreement breaks down and the hindrance rate increases since the occupied site number decreases under these conditions (Figure 2) . Although the existing site density decreases and the sites become spaced out, the hindrance rate or the unoccupancy rate for these sites increases. Since multi-anchored molecules are arranged parallel to the adsorbent surface, some receptor sites may be hidden by the adsorbed dye molecule itself ( Figure 5 ). This is called self-hindrance and is capable of existing even if only one adsorbate molecule is present on the surface. This is different Figure 6 . Plots of the hindrance rate t versus the nitrogen density for the four dyes studied. from the behaviour exhibited by AB25 or AY99 which may be termed mutual steric hindrance. In the latter case, two molecules together are capable of hiding an unoccupied receptor site. This suggests that at high nitrogen densities mutual and self-hindrance may exist side-by-side. This would explain the strong positive slope of the t and N M curves for RY23 beyond the minimum. Figure 6 shows that the hindrance rate t for AB25 or AY99 increases in a regular manner with nitrogen density since the coefficient n also increases in a similar manner under the same conditions (see Figure 1 ). Steric hindrance leads to a decrease in the anchorage number from three to one, the adsorbed molecule becoming gradually detached from the surface as the nitrogen density increases. The hindrance rate tends towards zero at low nitrogen densities because the inter-site spacing increases. The negative values of the unoccupancy rate observed for these dye molecules for low nitrogen densities simply indicate that the occupied site number is greater than the existing grafted site number because of additional sites generated by van der Waals or hydrogen bonding as discussed above. Finally, if the variation of the hindrance rate t with increasing nitrogen density ( Figure 6) is compared with the variation of the parameter n with the same quantity for the four dyes studied (Figure 1) , it will be seen that a clear resemblance exists between the curves obtained. This indicates that the parameter t is very relevant to any explanation and description of the adsorption process involved.
The N asat curves
In order to look at the adsorption capacity of the modified cotton under dye saturation conditions, the parameter N asat was plotted versus the nitrogen density as in Figure 7 . The quantity N asat represents the quantity of dye adsorbed per gram of cotton at saturation and may be determined directly from the expression N asat = N M n N imax , where N imax is the layer number. The value of N asat does not increase linearly with increasing nitrogen density, the slight increase in N asat being attributed to steric hindrance. At low nitrogen densities, saturation occurs when all the receptor sites are occupied irrespective of there being additional space on the surface albeit without any grafted receptor groups. However, at high densities, because of steric hindrance saturation appears before all the receptor sites have been completely occupied. When the entire adsorbent cotton surface has been completely occupied, the value of N asat cannot increase further even if the grafted site number is increased. The N asat curves for the three dyes AB25, AY99 and AB74 all exhibited the same behaviour, the slight uniform increase in N asat being due to the increase of n since N M is nearly constant.
For RY23, however, N asat increases at low nitrogen densities with increasing % N, passes through a maximum and then decreases despite the fact that the grafted site number continues to increase ( Figure 6) , with the increase from 0.5% to 1.5% N being due to the "resonance" effect. When analyzed, this increase in N asat may be attributed to the increase in N M (Figure 2) , i.e. to the ready use of existing receptor sites. In fact, the increase is greater than the increase in n (Figure 1) , although after the maximum the reduction in N M is greater than the increase in n. This indicates that the existing N M is not well used. Because of the variation in the adsorption capacity of RY23, the best procedure would be to employ grafted cotton with a nitrogen density of ca. 1.5% to obtain the most effective dyeing or wastewater depollution effects.
In summary, therefore, the model employed allows adsorption to be followed step-by-step at the molecular level with the process being well visualized through the use of intermediate steric and/or stoichiometric coefficients such as n, N M , N asat and t.
ENERGETIC INTERPRETATION
Since the parameter c 1/2 is related to the adsorption energy of the dye molecule on the modified cotton surface, the greater the value of c 1/2 the weaker the adsorption energy and the interaction between the dye molecule and the modified cotton. 
The c 1/2 parameter
From the c 1/2 values depicted in Figure 3 , it is possible to see that, on average, dye interaction with the modified cotton was higher for AB74 and AB25 than for AY99. In contrast, dye RY23 exhibited less interaction with the grafted cotton, as suggested above when the adsorption process was discussed in terms of the magnitudes of the n and N M parameters.
Adsorption energy
The adsorption energy, DE a , which is the energy necessary to effect adsorption of the molecule from the free state, i.e. a hypothetical gaseous state (Figure 8 ), is given by the expression c 1/2 = Ze -DE a /RT (Ben Lamine and Bouazra 1997; Khalfaoui et al. 2002) . The quantity c 1/2 can also be written as c 1/2 = bP vs e -DE a /RT (Ben Lamine and Bouazra 1997; Khalfaoui 1999) , where P vs is the saturated vapour pressure and DE a is the molar adsorption energy from the dissolved state ( Figure  8) . In both cases, the adsorption energy may be obtained by fitting methods from values of c 1/2 measured at different temperatures (Table 1 ) employing the assumption that as a first approximation P vs is constant between 20ºC and 60ºC. From the data listed in Table 1 , it will be seen that the adsorption energy values relating to the free state (-DE a ) are always negative whereas the values of -DE a can be negative or positive. This difference is easily explained by the illustrations in Figure 8 . When the value of -DE a is negative, this corresponds to the dye molecule transferring energy to the solvent during the adsorption process which will then be exothermic. This occurs with AB25 and AB74. Under these conditions, the interaction of the dye molecule with the grafted cotton is greater than with water, since the dissolution energy (-DE d ) for each dye is smaller than the adsorption energy from the gaseous state. When the value of -DE a is positive, this means that the dye molecule derives energy from the solvent to allow its adsorption on to the grafted cotton. The adsorption process is now endothermic as is the case for AY99 and RY23. This means that the interaction of these two dyes with water is greater than that with cotton, i.e. their dissolution energy is greater than their adsorption energy.
Dissolution energy
The dissolution energy for a given dye may be deduced for the corresponding values of DE a and DE a through the relationship (-DE a ) = (-DE d ) + (-DE a ) or DE d = DE a + DE a , where DE a can be positive or negative (Figure 8 ). It should be noted that the values of DE d are not the dissolution energies from the solid state to the dilute state but rather from a hypothetical gaseous state to the dissolved state in water. Moreover, the relationship K = (c 1/2 ) -n provides an implicit expression for the equilibrium between the gaseous state and the adsorbed state (Ben Lamine and Bouazra 1997) . Figure 9 depicts plots of the variation of (-DE a ) versus the nitrogen content of the modified cotton samples. The data depicted indicate that DE a varies in accordance with the relationship DE a = N A n¢e a = N A e a /n which may be derived from the corresponding variations of n and e. In this relationship, e is the mean energy per anchorage point only, whereas n¢e is the anchorage energy for the corresponding molecule in total. Plotting e versus the nitrogen content of the modified cotton for each dye studied led to a more or less high variation when the site spacing distance decreased (see Figure 10 ). Normally, the value of e is determined by the adsorbent and the adsorbed molecules securely fixed to its surface. Hence, it would be interesting to know the reason for the variations noted.
Relationship between the adsorption energy and the nitrogen content
Although the problem is complicated, since e is a quantum energy level that depends on the adsorbent and adsorbed molecules, it is possible that neighbouring dye molecules could perturb this energy level through interaction processes. For this reason, the influence of steric hindrance should also be considered. If the variation of e ( Figure 10 ) is compared with that of the steric hindrance rate t ( Figure 6 ), it will be noted that these two variations are similar for all the dyes studied although the two quantities do not have anything in common. This suggests that the variation in the value of e is derived principally from the hindrance effect and that some kind of proportionality exists between e and t. In fact, when the steric hindrance associated with the receptor sites increases, the absolute value of e also increases. Hence, this increase in the adsorption energy may be initially ascribed to the fact that the higher the site density the higher will be the cationic charge density -hence the attraction with anionic sites associated with dye molecules will increase. Secondly, the observed behaviour could also be due to an attractive van der Waals interaction between the dye molecules themselves, leading to an increase in their dimerization.
It is obvious that if the system does not conform to the requirements of hypotheses (b) and (d) listed by Khalfaoui et al. (2002) then this could lead to small deviations between the calculated and real values of the two quantities considered. This would be superimposed on the influence of the steric effect on e. The double-layer model derived by Khalfaoui et al. (2002) has been applied to the experimental isotherms obtained for the adsorption of the four dyes AB25, AY99, RY23 and AB74 on to modified cotton surfaces. Studies of the relationship between the steric parameters n, N M and N asat and the nitrogen densities of the modified cottons provided information regarding the adsorption process at the molecular level.
The n curves showed that the dyes AB25 and AY99 anchor to the surface principally via one anchorage, as may be expected because of the existence of only one anionic site on each of the molecules concerned. When adsorbed, the molecules of both dyes were situated perpendicularly to the cotton surface when the latter possessed a high grafted nitrogen density. At low densities, some additional receptor sites appeared through the intervention of van der Waals forces and/or hydrogen bonds. This led to some of the dye molecules being adsorbed parallel to the adsorbent surface. In contrast, with RY23 and AB74, one, two or three anchorage sites may be employed during adsorption because of the existence of such multiple anionic sites on these dye molecules. With AB74 at low nitrogen densities, additional sites created by van der Waals forces and/or hydrogen bonds were available for adsorption, whilst with RY23 a relationship between the molecular size and receptor site spacing was demonstrated.
Studies of the N M curves led to the notion of an existing receptor site number and the effectively occupied site number at dye saturation. The effectively occupied site number, N M , confirmed the existence of a supplementary site number associated with van der Waals forces and/or hydrogen bonds at low nitrogen densities, in addition to the existence of receptor sites produced by grafted cationic nitrogen. The effectively occupied site number did not increase linearly with the existing receptor site number at high nitrogen densities, principally because of the existence of steric hindrance. Accordingly, a steric hindrance rate t was defined to allow a quantitative study of the development and localization of such steric hindrance. As a result, it was demonstrated that such hindrance was absent at low nitrogen densities for all the dyes studied, with the exception of RY23 where steric hindrance was notable both at low and high nitrogen densities because of the length of the dye molecule and the existence of multi-anchorage points in its structure. Steric hindrance was completely absent with this dye molecule only under "resonance" conditions. The N asat curves, i.e. the quantity adsorbed at saturation or the adsorption capacity, were easily interpreted by taking account of the considerations associated with anchorage and steric hindrance. The maximum N asat value was useful in evaluating the best conditions for obtaining the optimum adsorption capacity.
The energetic parameter c 1/2 allowed a direct deduction of the adsorption energies for the four dyes studied from their experimental adsorption curves. These values were comparable with those determined previously. The theoretical dissolution energies from the gaseous state were also evaluated. In particular, it was shown that RY23 and AY99 molecules exhibit a very high affinity for water so that their adsorption from the aqueous state was endothermic, i.e. required additional thermal energy. In contrast, AB25 and AB74 molecules exhibited exothermic behaviour during adsorption. Finally, the anchorage number and adsorption energy variations could be related to the steric hindrance when the spacing between receptor sites on the cotton surface increased. As a first approximation, it is possible to employ steric hindrance to explain the different behaviours of all the dye parameters studied.
NOMENCLATURE c
dye concentration, mg/l c 1/2 half-saturation concentration, mg/l K equilibrium constant for the adsorption process n exponential parameter in the Langmuir-Freundlich model n¢ anchorage number per dye molecule N A Avogadro's number N a quantity of dye adsorbed, mg/g N asat quantity of dye adsorbed at saturation, mg/g N M number of effectively occupied receptor sites N M(existing) existing number of grafted sites on the adsorbent surface P vs saturated vapour pressure, Pa T temperature, K Z translational partition function
Greek letters b = 1/k b T e magnitude of adsorption energy level at a given receptor site t hindrance rate DE a molar adsorption energy from the hypothetical gaseous state DE a molar adsorption energy from the dissolved state DE d molar dissolution energy from the hypothetical gaseous state
